Abstract. The technology for semiconductor device packaging is rapidly advancing in response to increasing demand for smaller and thinner electronic devices. Three-dimensional chip stacking that uses through-silicon vias (TSVs) is a key area of technical focus, and the high-density TSV (HDTSV) is a major enabler of threedimensional (3-D) integrated circuit technology. The ongoing development of this novel technology has created a need for noncontact characterization. One of the main challenges for 3-D TSV metrology is measuring high aspect ratio features that limit conventional optical microscopy techniques. We demonstrate the use and enhancement of an existing wafer metrology tool, a spectral reflectometer, by developing and implementing theoretical models and measurement algorithms for inspection of HDTSVs. It is capable of measuring the depth of vias, and can also be used for the estimation of bottom roughness and bottom shapes of vias through the model fitting. Our nondestructive solution has measured TSV diameters as small as 3 μm and aspect ratios >16.5∶1. Submicron depth measurement accuracy has been verified in the range of 30 to 60 μm on via depth. Metrology results from actual wafers formed from 3-D interconnect processing are presented. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The 2011 International Technology Roadmap for Semiconductors expanded on the requirements for metrology of three-dimensional (3-D) interconnects to include wafer alignment, interface bonding, and through-silicon vias (TSVs). 1 TSVs play a very important role in vertically connecting upper-layer circuits and lower-layer circuits in 3-D integration. One of the main challenges for 3-D metrology involves measuring TSVs etched at a very high aspect ratio (HAR) of etch depth to via diameter, approaching 10∶1 to 20∶1. These HAR features challenge and limit the use of optical metrology techniques for measuring smaller-diameter TSVs.
Recently, a number of metrology tools have become available that are capable of supporting in-line TSV etch depth measurement in high-volume manufacturing, such as various types of interferometers and confocal microscopes. [2] [3] [4] [5] However, these are sensitive to aspect ratio and are not typically able to make reliable measurements of TSV etch depth for vias in the range of a few microns wide by several tens of microns deep. The maximum measurable depth increases with the size of the via's critical dimension (CD) opening and decreases with the objective's numerical aperture (NA). As the via diameter decreases, the aspect ratio increases, and there are few known noncontact measurement techniques that are suitable for in-line inspection.
One example uses a scanning white-light interferometer with a small imaging aperture and low NA illumination to scan the objective perpendicular to the surface to generate signals for in-line TSV depth measurement. 6 However, the signal from the top surface and the thin buried film are merged if there is a monolayer or stacked layers on top of the TSV sample, which commonly occur. Thus, a more advanced algorithm is required for accurate TSV depth measurement.
Another example uses a backside infrared interferometric technique for sensing the thickness of a wafer for HAR vias 1 and 5 μm in size; there is no sidewall interference to inhibit optical techniques, and thus, the infrared sensor's accuracy and repeatability are independent of the aspect ratio of the via. 7 However, the illumination spot size (either 15 or 5 μm) limits the transverse resolution. If two or more vias are closer together than a spot size, then the depth of each via is difficult to measure independently.
A similar infrared light interferometric technique was reported to be capable of nondestructive direct depth and bottom shape measurement of TSVs with diameters as low as 1 μm. 8 However, if the backside of the wafer is illuminated with infrared light, then it is easily scattered by the convex bottom shape, except for a very small portion of light that is aimed exactly at the limited flat center area of the via bottom, which can reflect back to the optics unit. Thus, it is very challenging to apply the backside infrared interferometric technique to determine the curved bottom shape, especially on the scale of a few microns.
Reflectometry techniques have gained wide acceptance in semiconductor manufacturing processes for monitoring the dielectric film thicknesses and lithographic linewidths of two-dimensional and 3-D structures. [9] [10] [11] [12] [13] The normalincidence spectral reflectometer is an excellent tool for the characterization of TSV depths and shapes. Horie et al. developed a UV-reflectometry technique for fast trenchdepth measurement. They calculated the reflected light by comparing the area ratio of the complex amplitude reflectivity returned by the top surface and trench regions. 14, 15 In our previous studies, we demonstrated the use and enhancement of this existing wafer metrology tool by implementing a novel theoretical model and measurement algorithm for HAR TSV measurements. 16, 17 TSV manufacturing process with high etch rate stages combined with efficient passivation or deposition steps have achieved nearly anisotropic shapes, with high etch rates of 5 μm/min or greater. 18, 19 Good etch depth uniformity and shape requirements for 3-D integration are necessary in a high-volume manufacturing process. Variation in via protrusion due to nonuniformities in TSV etch depth can have a significant impact on via node resistance. 20 As the etch rate increases, the ability to control the wafer temperature becomes crucial to obtaining a uniform etch across the wafer, regardless of the wafer diameter. 21 The current standard technique for measuring and controlling the uniformity of HAR vias is to use a cross-sectional scanning electron microscope (SEM) analysis. Samples are cleaved to yield a cross-sectional view. This is somewhat accurate for confirming the shape of the structure. However, if the cleaving line for the cross-section is not straight, or if the cross-section is not perpendicular to the line, then the SEM measurement results, especially for the vertical depth, tend to be inaccurate and not repeatable. Moreover, the sampling is very limited as it is time-consuming, in addition to being destructive and costly. Thus, it is limited to monitoring uniformity of TSV depth across wafers, which is important for development of an etching process.
The possibility that one could make via depth measurements nondestructively and extremely fast opens up the possibility of mapping the variation of via depth within an illumination area and across an entire wafer (from center to edge). In this work, we present a methodology for testing the reflectometer-based depth measurement linearity on a calibrated step height over a range of 5 to 100 μm. We verify the accuracy of TSV depth measurement with cross-section SEM over a depth range of 30 to 60 μm.
In this paper, we refine the previous published model of the reflectance spectrum based on a modified thin film model, where the ratio of illuminated surface areas is adjustable, and use amplitude modulation algorithms to extract the via depth, bottom shape, and roughness. Updated TSV measurement results from actual wafers formed from 3-D interconnect processing with greater aspect ratios and smaller via CD size are presented. The potential for verifying the accuracy of measurements of the via depth with crosssection SEM will be discussed.
Samples and Instrumentation

TSV and Step Height Samples
Three different groups of TSV samples formed from actual 3-D interconnect processes were studied. These TSV targets consisted of
• TSV arrays with circular openings, a nominal CD of 5 μm, a pitch of 10 μm, and an aspect ratio of 16.5; • TSV arrays with square openings, a hard mask on top, with a nominal CD of 3 μm, a pitch of 6 μm, and an aspect ratio of ∼10; and A reference standard with six nominal step heights of 5, 10, 30, 50, 75, and 100 μm was used. 22 
Reflectometer Configuration
The TSV structures were measured using an unmodified Nanometrics 9010B reflectometer tool, and the reflectance spectrum was measured in a broadband wavelength range from 375 to 780 nm. This reflectometer is a nearly normal-incidence system equipped with two different objectives (4× and 15×) and an automated translation stage, primarily developed for thin film thickness and optical CD (OCD) measurements. A low-magnification (4×) and low-NA (0.035) microscope objective was used in this study. The normal-incidence measurement largely relies on interference between light scattered from different locations on the target structure. To measure the via depth, the light waves reflected from the top and bottom of the via target structure must interfere with each other. The reflectance spectrum typically has a regular oscillation over a large wavelength range. The limiting factor in this case is the pixel resolution of the charge-coupled device (CCD) detector, which is ∼0.6 nm at the upper wavelength limit of 780 nm.
Theoretical Model of Reflectance Spectrum
We simulate the reflectance spectrum based on the scalar diffraction model as the size of the via opening is much greater than the probing wavelength. Thus, we can account for effects of the via by simply calculating the path difference between the wavefront reflected by the unetched top surface regions and the wavefront reflected by the etched via regions. In the case of vias of similar size as the incident wavelength, another approach involving electromagnetic vector diffraction models is needed for an exact simulation of the reflectance spectrum. This solves the rigorous coupled-wave solution, which requires intensive computation. In this work, we focus on the simplified scalar diffraction model, which provides fast calculation speed with reasonable accuracy.
TSV Array Structure
The via structure is modeled as a film with an adjustable ratio of the illuminated surface areas. When illuminating beam spot moves across the via arrays target, the intensity of reflected light oscillates due to vias moving in and out of beam spot. Mata-Mendez and Chavez-Rivas 23 have estimated that for grating with line-to-space ratio of 1∶1, the amplitude of oscillation becomes negligible when the minimal number of gratings inside the beam spot is two, which is corresponding to 50% of the illuminated surface areas. For the HDTSV array structure of few microns via size, the ratio of the illuminated area of the top silicon surface to the via's opening within the illuminated area is considered to be constant, and it depends only on the via's opening shape and pitch. The illumination spot covers a number of vias: most of the vias are entirely illuminated; only few of them under the spot edge are partially illuminated. Although illumination spot might slightly move with respect to array between repeated measurements, the influence on the total area of vias varies little, and therefore, the variation of intensity of reflected light can be neglected. Assuming a particular value for the ratio, the coefficients α and (1 − α) are the portion of the illuminated top silicon surface and the via opening, respectively, E 0 is the electrical field incident on the silicon surface and the via area, the via depth is d, and the wavelength is λ. The reflectance intensityĪ, which is the sum of the two reflected beams from the silicon surface and the via bottom surface, is
The third term of Eq. (1) indicates that the electrical field reflectances must be combined using their proper phase angle differences.
According to the Fresnel equation, light propagating through the air that reflects off a silicon surface will undergo a 180-deg shift, and its electrical field reflectance will be influenced by a reflecting factor, r þ si . The simulated reflectance intensity can be calculated by multiplying by the reflecting factor r þ si .
Via Bottom Roughness
Bennett and Porteus 24 provided a theoretical expression and experimental verification showing that if light of a sufficiently long wavelength (compared to the surface roughness) is reflected from a rough surface, then the decrease in measured specular reflectance due to surface roughness is a function of only the root-mean-square height of the surface irregularities.
where r q is defined as the root-mean-square deviation of the surface from the mean surface level, R s is the specular reflectance of the rough surface, and R 0 is that of a perfectly smooth surface of the same material. Undesirable surface roughness is quite likely to occur because it is naturally formed by the plasma etching process. Because the top surface is mirror-like Si wafer or a thin oxide film in the other case, thus, the wavelength-dependent attenuation factor caused by roughness applied to the reflectivity of vias only. Thus, we further modified the reflectance intensity of Eq. (2) by combining it with Eq. (3) to yield the following equation:
TSV Array with Oxide Hard Mask
One common form of an HAR silicon via has an oxide hard mask on top of it; this can result in interference if multiple-reflected light waves interfere constructively. We define d oxide as the optical thickness of the oxide film, which corresponds to the physical thickness d oxide ∕nðλÞ. The refractive index of oxide, nðλÞ, is a constant of 1.46 over our measured wavelength range (375 to 780 nm). The refractive index of silicon varies with the wavelength range (from 6.706 at 375 nm to 3.696 at 780 nm). 25 The light incident on the surface of the oxide film divides into reflected and refracted portions. The refracted beam reflects again at the oxide film-silicon interface. Part of the light may reflect internally again and continue to experience multiple reflections within the oxide film layer until it has lost its intensity.
The electrical field reflecting from the oxide film can be expressed according to the following equation for multiple reflections in thin-film interference.
where r 12 is the reflection coefficient from the top of the oxide film, t 12 is the transmission coefficient from air into the oxide film, r 23 is the reflection coefficient from the oxide-silicon interface, t 21 is the transmission coefficient from the oxide into the air, and r 21 is the reflection coefficient from the oxide-air interface back into the oxide film. In this case, the light signal drops to ∼1% in an internal reflection within the oxide film layer. 26 
Via Bottom Shape
A key feature of a small diameter HDTSV is that the etching process generates a curvature at the bottom of the via. We account for this by using a half-oblate spheroid model, as shown in Fig. 1 and given by
With this, the via bottom shape can range from a perfect flat disk (minor axis length b ¼ 0) to a half-round spheroid (b ¼ a, where a is the major axis length). Although the bottom of a small diameter via is curved, a great fraction of the light incident on the curved bottom surface is scattered and cannot be reflected back to the top surface. However, it is still possible to obtain an attenuated interference spectrum because the depth variations around the center area of the bottom are quite small, which means that it can be considered as a flat surface for partially reflecting normally incident light waves back to the top surface. We developed a reflectance modulation algorithm for extraction of the via bottom shape from the measured reflectance spectrum. 16 We assume an effective area of the bottom, with a diameter of 2e, that contains depth variations that are sufficiently small and below the resolution limit of depth measurement of the measuring tool. We use a simple method to estimate the measurement resolution from the pixel resolution. The relationship between the via depth resolution (Δd via ) and the pixel resolution (Δλ) of the CCD detector can be derived from the equation 2d via ¼ mλ (where m is an arbitrary integer), when the two reflected beams from the top silicon surface and the via bottom surface constructively interfere, resulting in the equation
The depth resolution decreases with the total depth of the structure, but it improves with the upper limit of the wavelength. A pixel resolution of 0.6 nm is typical for an normal incidence (NI)-OCD system.
By taking the nominal via diameter as the horizontal, transverse diameter (≡2a) at the oblate equator in Eq. (6), the vertical, conjugate radius b can be obtained if one set of ðx; yÞ coordinates on the oblate trajectory is known. If (0, 0) is the center of the oblate spheroid, then the radius e of the effective bottom area and its position relative to 
Thus, the effective radius e decreases because of the increasing vertical radius b; in addition, a smaller amplitude of interference oscillations is expected.
The electrical field reflecting from the via bottom, as taken from part of Eq. (4), can be expressed as
The ratio of the effective illumination area in the via bottom area to the top via opening area is expressed as e 2 ∕a 2 . Thus, we further modified the electrical field of Eq. (9) to yield Eq. (10) .
Although the attenuation factor (e 2 ∕a 2 ) does not contain the minor axis parameter b directly, it can be obtained by means of Eq. (8). The combined total reflectance spectrum can be calculated as I ¼ jE via þ E film j 2 . The simulation spectra of Fig. 2(a) are based on a via array structure of 30.0 μm depth and 3.0 μm CD, and an oxide hard mask of 423 nm thickness is on top of the array surface. The via bottom is assumed to be perfectly smooth (r q ¼ 0) and flat (b ¼ 0). Because thickness and depth information is primarily contained in the frequency of intensity oscillations, two oscillation frequencies corresponding to the thickness of oxide hard mask and the depth of vias are clearly visible in the reflectance spectrum. Deeper vias will exhibit a greater number of oscillations over the given wavelength range, while thinner films will exhibit fewer oscillations over the same range. Figures 2(b) and 2(c) address two effects of parameters: the surface roughness r q and minor axis length b. Figure 2 (b) assumes a minor axis length of b ¼ 0 (flat bottom) and shows the reflectance spectrum with surface roughness values r q of 50 and 100 nm according to Eq. (3). The spectra are strongly attenuated with increasing surface roughness, especially at the shorter wavelengths (R∕R 0 ¼ exp½−ð4r q πÞ 2 ∕λ 2 ). Figure 2 (c) assumes via with a bottom roughness of r q ¼ 0 and shows the reflectance spectrum with varying minor axis lengths b of 0.1a and 0.5a. The attenuation ratio of the high-frequency amplitude is taken as the area ratio of the effective area and the total bottom area, which causes an evenly attenuated reflectance for the whole measured wavelength range (R∕R 0 ¼ e 2 ∕a 2 ).
Accuracy Evaluation Methodology
We utilized a calibrated standard that was built according to recommendation, 27 as shown in Fig. 3 , with six annular step heights certified by the National Measurement Laboratory of the Center for Measurement Standards of Taiwan (Calibration Report No. B980864). It was measured with a traceable stylus instrument according to ISO 5436-1. The nominal step heights in sequence from left to right are 5, 10, 30, 50, 75, and 100 μm. A series of tactile measurements were arranged from left to right, along the routes indicated by the arrows labeled 1, 2, 3, and 4, and the average data from all the measurements on the same ring were taken as the certified step heights, as listed in Table 1 .
We used the calibrated transfer standard to evaluate the performance of refelctometer on depth measurement. The incident beam of the reflectometer was focused on the top surface of each step, so that the bottom reference plane could be considered as a relatively deep trench or bottom surface of a via. We carefully moved the illumination beam spot so that two thirds of it overlaid the bottom surface and one third of it overlaid the top surface of the stepped ring to obtain better intensity of interference spectrum. The incidence of illumination was nearly optimal for collecting as much of the intense interference spectrum as possible from the step structure. The depth measurement results, which were extracted from the interference spectrum, were used to establish the linearity over the depth range of interest.
The great advantage of using normal-incidence spectral reflectometry compared to instruments that make tactile shape measurements and the cross-sectional SEM is that it is a nontactile and nondestructive method. Because of the stylus shank angle, stylus profilometers cannot measure up to the HAR TSV structure, especially with small opening CDs in the micron range. Figure 4 (a) shows a top view of HDTSV array sample with circular openings. The via CD is ∼5 μm, the via pitch is ∼10 μm, and the aspect ratio is >16. The illumination spot size of ∼30 μm covers a number of vias in a single-shot measurement. The cross-sectional SEM images shown in Figs. 4(b) and 4(c) are a wide range view and a bottom close-up view, respectively, which were used for a measurement comparison after the spectral reflectometry experiments. The via depth is ∼82.7 μm, which is from a single measurement on the whole group with arrow indicating height. The via bottom is described by a half-oblate spheroid with a minor axis length of b ¼ 0.32a (where a is the major axis length). The bottom roughness is within a range of 100 nm. We have developed a reflectance modulation model and an inverse matching algorithm that can be used to extract the minor axis length b and the bottom roughness r q . As shown in Fig. 2 , the reflectance reacts to the bottom roughness r q in a manner of exponential attenuation (the shorter the wavelength range, the stronger the attenuation), but reacts to the minor axis b in a uniform attenuation manner over the whole measuring wavelength range. With this physical phenomenon and a proper analysis of the inverse approach, the variations of the two correlated parameters (r q and b) can be differentiated and calculated on the produced wafers.
Results and Discussions
A reference library of theoretical solutions based on a bounded range of floating parameters (r q , b) is generated. When the reflectance spectrum is captured from a measuring sample, it is matched to the reference library to return a solution for the floating parameters. The metric of the root-mean-square error (RMSE) was used as the best match criterion, taking the root of the mean square error of a point-by-point (wavelength) comparison between the theoretical and measured data. The parameters of the modeled reflectance spectrum with the minimum RMSE are taken to be the parameters for measuring the reflectance. Figure 5 shows a theoretical model fit to the measured spectrum of the HAR HDTSV array structure shown in Fig. 4 . The illuminated areas of the top silicon surface and the via opening area are roughly 81% (¼α) and 19% (¼1 − α) of the total surface area, respectively. The via depth, d, is a function of only the oscillation frequency, which is based on the phase angle difference [cos (4πd∕λ)], as derived in Eq. (2) . A preliminary fit to the experimental spectrum that only considers the frequency of the oscillation was obtained at a depth d of 82.66 μm. The oscillation from the via depth is particularly obvious in the longwavelength region, as shown magnified in the upper plot in Fig. 5 .
Next, the results of r q and b were obtained through the best matching of the experimental spectrum with the reflectance modulation, by multiplying the simulated oscillation by the roughness scattering term, exp½−ð4πr q Þ 2 ∕λ 2 , and the ratio of the effective illumination term (e∕a) according to Eq. (10). The best match was an effective bottom area radius of e ¼ 0.43a and a root-mean-square bottom roughness of 100 nm. The corresponding minor axis length, b ¼ 0.34a, is based on the half-oblate spheroid model of Eq. (8) . The via depth resolution, Δd via , for an 82.66-μm-deep structure is considered to be 82.66 nm at 600 nm according to Eq. (7) (600 nm is approximately the average of the wavelengths for which our spectrometer is capable of resolving dense oscillations, as observed in Fig. 5 ). The residual errors between the measured and fit spectra can be attributed to scattering at the via sidewalls, resulting in a random variation of intensity, and are a consequence of the limitations of the model. However, the variation of reflectance intensity does not affect the extraction of parameters because the overall measured reflectance shape appears to remain close to the modeled spectra. The results of analyzing the via depth/bottom shape and roughness show good agreement between the cross-sectional SEM and the reflectometer tool. Figure 6 (a) shows an experimental reflectance spectrum from an HDTSV array structure with square openings, where the nominal CD is 3 μm and the pitch is 6 μm; there is a thin oxide hard mask on top of the array, and the illumination spot is ∼30 μm. The illuminated area of the oxide surface and the square via opening area are ∼75 and 25% of the total surface area, respectively. The reflectance spectrum oscillates at two distinct frequencies-high-frequency features Fig. 4 (a) Top view of circular high-density TSV (HDTSV) sample. Via CD is ∼5 μm, and via pitch is ∼10 μm. (b) Wide range view and (c) a bottom close-up view, obtained by cross-sectional scanning electron microscope (SEM). The via depth is ∼82.7 μm, which is from a single measurement on the whole group with arrow indicating height. The via bottom is described by a half-oblate spheroid with a minor axis length of b ¼ 0.32a. The bottom roughness is within a range of 100 nm. correspond to the deep via and low-frequency features result from the oxide hard mask. The low-and high-frequency oscillations were extracted using a spectrum-processing algorithm, as shown in Figs. 6(b) and 6(c), respectively. Curve fitting method is used for oxide layer analysis; the thickness is inferred from the best fit. Software calculates theoretical reflectance of the oxide layer, and its thickness is adjusted to achieve best fit to the measured data. An excellent model fit to the low-frequency reflectance spectra was obtained at an oxide layer thickness of 423 nm. However, dense peaks-valleys of the high-frequency oscillation make it difficult for the fitting algorithm to converge to the correct depth. The spot illuminates a large number of 3-μm CD silicon vias within dense array that might have very slightly different depths, resulting in a combination reflectance spectrum, as shown in Fig. 6(c) . A variation in the spectrum amplitude that is much slower than the spectrum frequency of the reflectance itself can be observed. Here, we employ the Fourier transform (FT) algorithm, which can handle the difficult task of separating the dense peaks and valleys, as well as the combined modulation effect of the high-frequency oscillations. In addition, because the frequency of the oscillation is proportional to the via depth, it is easy to transform the reflectance spectrum to the frequency spectrum using an FT calculation. It is more reliable and practical to measure via depth larger than tens of microns using frequency analysis. Figure 6(d) shows the FT frequency spectrum that is directly calculated from the experimental data in Fig. 6(c) . The results of the FT analysis reveal the via depth to be 28.51 μm. It should be noted that the single obtained frequency indicates that the depth variations among the vias within the illumination area are smaller than the resolution limit of the depth variation of 0.36 μm, as we determined in Ref. 17 . There is a slight broadening on the right side of the main peak, which reveals there might be vias slightly deeper than 28.51 μm within the illumination area. Figure 7 (a) shows the best model fit results to the reflectance spectrum shown in Fig. 6(a) , with an effective bottom area radius of e ¼ 0.30a and a root-mean-square bottom roughness of 65 nm. The corresponding minor axis length of the bottom oblate b is 0.42a according to the half-oblate spheroid model of Eq. (8) . Figure 7 (b) is a cross-sectional SEM image taken in the vicinity of the site where the reflectance spectrum was collected for measurement comparisons after the spectral reflectometry experiments; the resulting comparisons showed good agreement. Figure 8 shows the variation of the depths of TSV arrays of nominal 5, 10, 15, 20, 25 , and 30 μm CDs with the measured die-to-die as a function of position across a 200-mm-diameter test wafer. The uniformity of via depth is defined as Uniformity AE 100% ¼ depth max − depth min depth ave: × 2 × 100%: (11) Currently developed etching process recipes have enabled efficient anisotropic etching and an etch rate >50 μm∕ min. As the Si etch rate increases, the ability to control the wafer temperature becomes crucial to obtaining a uniform etch across the wafer. Thus, the TSV formation process is somewhat sensitive to via position on the wafer. Table 2 lists the via array depth uniformities for CD sizes of 5, 10, 15, 20, 25, and 30 μm, with a via-to-space ratio of 1∶1 for a 200-mm test wafer. The uniformities vary from 1.6 to 4.3% for different via sizes and aspect ratios. From our investigations, three factors that we can expect to affect depth uniformity are the diameters of the TSVs, the position of the die on the wafer, and the density of TSVs on the die. To achieve the best uniformity of TSV depths, spectral reflectometry, with its fast and nondestructive operation, is adopted as a useful metrology tool, allowing for in-line feedback adjustment of the process parameters that affect TSV formation. Figure 9 shows the reflectometer measurements being compared with calibrated values assigned to the step height structures. The plot shows a good linearity between the calibration data and the optical data within the step height range and nearly zero offset along the extrapolation. Because reflectometer and stylus tools are both inherently accurate, 27 also due to large range of the measurand (5 to 100 μm) and each individual measurement discrepancy being <2%, thus, excellent linearity and correlation are the expected results. The discrepancies are much <0.27 μm over the step height range of 5 to 100 μm, as listed in Table 3 . The step height certified values are taken from Table 1 and rounded off to two decimal places. Static measurement precision between 0.02 and 0.18 μm (1σ) was established from four quickly repeated measurements. Figure 10 shows the correlation between measurements with the cross-sectional SEM and the reflectometer when measuring via depths ranging from 30 to 60 μm on a 200-mm-diameter test wafer. The cross-sectional SEMs were only performed for single measurement cuts made at two sites (wafer center and edge position) owing to limitations of time and expense. The location of SEM sample cut is inside the vias array measured by reflectometer, but we could not exactly identify which via it is. Due to the large range of the measurand (30 to 60 μm) and measurement discrepancies <2% through the range, regression of fit and linearity is excellent. Measurement precision over four repeated tests is from 0.08 to 0.24 μm (1σ) in our reflectometer experiments as listed in Table 4 . The relatively greater discrepancies (compared to Table 3 ) might be caused by variations in the preparation of SEM samples, possibly resulting from the cross-section cleaving line not being straight, the cross-section not being perpendicular to the sample surface, and measurement inaccuracy of the SEM tool itself. Thus, the SEM measurement results, especially for the vertical depth, tend to not be repeatable, in addition to being destructive and costly. The fact that reflectometry can measure via depths nondestructively and extremely fast opens up the possibility of mapping the via depth across an entire wafer (from center to edge).
Summary
We demonstrated the use and enhancement of an existing wafer metrology tool, the normal-incidence spectral reflectometer, by implementing a novel theoretical model and measurement algorithm for measurements of depth, estimation of bottom shape and bottom roughness of high aspect ratio TSVs. Our nondestructive technique has measured TSV diameters as small as 3 μm and aspect ratios >16.5∶1. Uniformity of TSV etch depth for an entire wafer can now be verified in die-to-die measurements in a nondestructive manner, allowing for instant feedback in etch process control.
We have presented a methodology for testing the reflectometer-based depth measurement linearity on a calibrated step height and demonstrated excellent linearity over a range of 5 to 100 μm. The TSV depth measurement accuracy has been verified by cross-section SEM to be at the submicron level over a depth range of 30 to 60 μm, at least as linked to CDs from 5 to 30 μm. This may also be applicable to larger ranges of both CD and depth, as well as to circular and square TSV shapes, as well as other TSV layouts and densities.
Our future work will focus on measurements of high-density microbumps and micropillars a few microns in diameter with varying aspect ratios. Discrepancy (μm) −0.12 0.08 0.01 −0.27 −0.10 0.08 Fig. 10 Comparison of measurements between SEM instrument and reflectometer while measuring via depths from 30 to 60 μm. 
